Highly accurate soft-XMCD data recorded on a Nd 2 Fe 14 B single crystal, through the spin reorientation transition show that the average Fe orbital moment (a) is proportional to the macroscopic Fe anisotropy constant, and (b) diverges 15 K below the reorientation transition temperature. This divergence is indicative of a critical behavior and it is related to a tetragonal distortion. These results give experimental evidence of the mutual dependence between orbital moment, macroscopic magnetic anisotropy, and tetragonal distortion. Furthermore, it is argued that the critical behavior of the orbital moment is at the origin of similar divergences previously observed in Mössbauer and Hall-effect data. PACS numbers: 78.70.Dm, 75.25. + z, Strong x-ray magneto-optical effects at atomic absorption resonances have opened new pathways for the study of magnetism. In particular, x-ray absorption spectroscopy (XAS) with circularly polarized x-ray beams has yielded a simple tool for the study of elemental sublattice magnetizations in the form of x-ray magnetic circular dichroism (XMCD) [1, 2] . The sum rules [3, 4] for XMCD offer the possibility to separately determine spin-and orbital magnetic moments. Exceptionally interesting results have been reported on the change of the orbital magnetic moment of transition metals observed in low-dimensional structures like surfaces [5] , multilayers [6] , and nanoscale clusters [7] with respect to the bulk values. These results reveal that the orbital magnetic moment of transition metals is very sensitive to the symmetry of the local environment. Furthermore, XMCD studies have highlighted the close relationship between the orbital moment and the macroscopic magnetocrystalline anisotropy (MCA) [8] [9] [10] . These findings are in agreement with the simple Bruno's model [11] , which shows that if the majority spin band is completely filled (i.e., a hard ferromagnet) the MCA is proportional to the orbital magnetization. Band-structure calculations for face-centered-tetragonal (fct) Ni confirm this picture, showing also a near proportionality between the orbital magnetization and the tetragonal distortion of this system [12] . Therefore it can be said that the orbital moment links the lattice structure and the macroscopic magnetic anisotropy.
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Highly accurate soft-XMCD data recorded on a Nd 2 Fe 14 B single crystal, through the spin reorientation transition show that the average Fe orbital moment (a) is proportional to the macroscopic Fe anisotropy constant, and (b) diverges 15 K below the reorientation transition temperature. This divergence is indicative of a critical behavior and it is related to a tetragonal distortion. These results give experimental evidence of the mutual dependence between orbital moment, macroscopic magnetic anisotropy, and tetragonal distortion. Furthermore, it is argued that the critical behavior of the orbital moment is at the origin of similar divergences previously observed in Mössbauer and Hall-effect data.
PACS numbers: 78.70.Dm, 75.25. + z, 75.40. -s Strong x-ray magneto-optical effects at atomic absorption resonances have opened new pathways for the study of magnetism. In particular, x-ray absorption spectroscopy (XAS) with circularly polarized x-ray beams has yielded a simple tool for the study of elemental sublattice magnetizations in the form of x-ray magnetic circular dichroism (XMCD) [1, 2] . The sum rules [3, 4] for XMCD offer the possibility to separately determine spin-and orbital magnetic moments. Exceptionally interesting results have been reported on the change of the orbital magnetic moment of transition metals observed in low-dimensional structures like surfaces [5] , multilayers [6] , and nanoscale clusters [7] with respect to the bulk values. These results reveal that the orbital magnetic moment of transition metals is very sensitive to the symmetry of the local environment. Furthermore, XMCD studies have highlighted the close relationship between the orbital moment and the macroscopic magnetocrystalline anisotropy (MCA) [8] [9] [10] . These findings are in agreement with the simple Bruno's model [11] , which shows that if the majority spin band is completely filled (i.e., a hard ferromagnet) the MCA is proportional to the orbital magnetization. Band-structure calculations for face-centered-tetragonal (fct) Ni confirm this picture, showing also a near proportionality between the orbital magnetization and the tetragonal distortion of this system [12] . Therefore it can be said that the orbital moment links the lattice structure and the macroscopic magnetic anisotropy.
At many magnetic phase transitions, magnetic and structural parameters change in a correlated way. A model for such transitions is the spin reorientation transition (SRT) in Nd 2 Fe 14 B. This material has been studied extensively because of its technological importance as the best performing permanent magnet [13] , and as a result this compound has become one of the prototypes of rare-earth-transition metal intermetallic compounds. In these systems, itinerant 3d electrons of the transition metal with orbital moments that are almost totally quenched by the crystal electric field coexist with localized 4f electrons of the rare earth with orbital moments that retain their atomic values.
At high temperatures, both the iron and neodymium magnetocrystalline anisotropies are uniaxial and the magnetization in Nd 2 Fe 14 B points at the ͓001͔ direction (c axis). In fact, the MCA of the Fe moments is uniaxial in the whole temperature range, and its corresponding energy may be expressed appropriately as E [13] . However, the MCA of the Nd moments is more complex. Indeed, the higher order terms of the crystal electric field of the Nd sites force the rotation ͑T SRT 135 K͒ of the total magnetization from the ͓001͔ direction towards the ͓110͔ axis, reaching a tilting angle of 30.6 ± at 4.2 K [14] . This spin reorientation transition is accompanied by strong magnetoelastic effects [15, 16] .
This situation renders this magnetic phase transition particularly interesting for the study of the quenching of orbital moments. With this aim, we have performed XMCD measurements on a Nd 2 Fe 14 B single crystal as a function of temperature through the SRT [14] . We find the existence of a direct correlation between the iron magnetocrystalline anisotropy constant K Fe 1 , the orbital moment of the Fe sublattice, and the tetragonal distortion of Nd 2 Fe 14 B over the whole temperature range studied (4-290 K), in agreement with the theoretical predictions [11, 12] . The existence of a strong instability in the iron orbital magnetic moment occurring ϳ15 K below T SRT is demonstrated, while no such anomalous behavior is observed in the spin moment. We interpret this instability as critical behavior of the orbital moment.
X-ray absorption measurements at the Fe L 2,3 (2p ! 3d transitions) and at the Nd M 4,5 (3d ! 4f transitions) edges were carried out at fixed temperatures between 4.2 and 290 K on the Dragon beam line (ID12B) at the European Synchrotron Radiation Facility [17] . The measured rate of circular polarization is P c ͑84 6 5͒% at the Fe edges and P c ͑90 6 5͒% at the Nd edges [18] . The crystal was mounted with the c axis parallel to the light propagation direction and the magnetic field. To prepare a clean surface, the crystal was cleaved in situ at a pressure of 1 3 10 29 mbar. The spectra were acquired by measuring the drain current as a function of photon energy, which is a surface sensitive method. The pressure in the cryomagnet chamber during the 36 hours of measurement was kept at 1 3 10 210 mbar and no signs of surface degradation were observed over this period. XAS spectra I
1͑2͒
were recorded by applying a magnetic field of 1 T, enough to saturate the magnetization, (anti-)parallel to the light propagation direction. In this geometry, L 2,3 and M 4,5 XMCD probes the average Fe-3d and Nd-4f magnetic moments projected along the c axis. The XMCD spectra presented here are the averages of differences I 1 2 I 2 between two consecutive spectra recorded at opposite field directions. In this experimental setup angular saturation effects [19, 20] intrinsic to the TEY detection are negligible. Figure 1 shows a typical example of the normalized Fe L 2,3 -edge XAS and XMCD spectra, taken at 290 K. In the case of the L 2,3 edges of Fe the orbital and the spin magnetic moments can be determined from the XMCD spectrum according to [3, 4, 21] :
where m L and m S are in units of m B ͞atom, n 3d is the 3d electron occupation number of Fe. As usual, the unpolarized 3d spectral weight in the denominator is approximated by ͓I 1 ͑v͒ 1 I 2 ͑v͔͒͞2. To evaluate its integral r, the non-3d contributions to the spectra have to be removed. We approximated these contributions by two Heaviside step functions centered at the L 3 and L 2 absorption maxima with an intensity ratio of 2:1 according to the degeneracy of the 2p core hole, 2j 1 1, and normalized to the average intensity of the last 20 eV of the spectra. The XMCD integral for the whole energy range q can be precisely determined. The p value is the integrated XMCD value at the onset of the L 2 white line. Because of the overlap of the L 3 and L 2 multiplets this procedure tends to systematically underestimate p by ϳ10%. For n 3d , we used the value of 6.45 6 0.05 determined from band structure calculations [22, 23] . Applying Eqs. (1) and (2) to the T 290 K spectra of Fig. 1 , we obtain m L 0.107 6 0.005m B and m S 2.16 6 0.10m B , giving a total magnetic moment m Fe XMCD 2.27 6 0.11m B . The systematic error in the absolute values is estimated at about 10%, but the relative error between temperatures is not larger than 3%-4%. The XMCD-derived total moment agrees satisfactorily with the values determined by other techniques: polarized neutron diffraction: 2.20m B [24] , Mössbauer spectroscopy: 2.00m B [25] , band structure calculations: 2.35m B [22, 23] . There are no previous experimental determinations for the orbital magnetic moment, but our value is in agreement with the #0.1m B suggested by Fruchart [26] from Mössbauer measurements. It is somewhat larger than the 0.06m B computed by band structure calculations for this compound [23] , and 20% higher than has been measured in bcc-Fe ͑0.08m B ͒ [21] . Figure 2 shows the temperature dependence of the XMCD-derived moments m L , m S , and m XMCD m L 1 m S which reflects the projection of the Fe moment along the c axis. Also shown is the modulus of the Fe moment, determined from 57 Fe Mössbauer spectroscopy [25] . At T . T SRT the two datasets agree quantitatively to within the experimental uncertainty. Below the reorientation transition the averaged angular distribution of the Fe moments with respect to the c axis, u Fe ͑T ͒ can be obtained from the simple formula [27] cosu Fe m XMCD ͞m Möss . The u Fe ͑T ͒ curve obtained with this method, shown in Fig. 3(a) , is in excellent agreement with that determined from Mössbauer measurements [25] . Beyond the quantitative determination of the orbital and spin moments and tilting angles of iron moments, the most striking aspect of the data in Fig. 2 is the behavior of the orbital moment. It can be described as a slow increase with temperature to a broad maximum at 230 K, on which is superimposed a sharp peak centered around 120 K (15 K below T SRT ), where the orbital moment reaches twice the low temperature value. This behavior is in sharp contrast to that of the spin moment which does not show any anomaly at 120 K, but only a reduction in the projection of the iron spin along the c axis, associated with the rotation of the Fe moments [25] . This peculiar behavior of iron orbital moment is in contrast to that observed for Nd. Indeed, at all temperatures we also measured the Nd M 4,5 XMCD spectra. Since in these spectra the overlap between the spinorbit split M 5 and M 4 edges is much stronger than in Fe, the spin sum rule [4] cannot be used quantitatively. However, using the sum rules qualitatively we determined [28] that m L ͞m S of the Nd 4f shell remains constant over the whole temperature range to within the experimental error of 5%, in clear contrast with the large orbital instability observed in the Fe 3d shell.
The question is how the orbital moment relates to the anisotropy constant of the Fe sublattice K with a broad maximum at T ͞T c 0.45 [29] . From the comparison with the orbital moment in Fig. 3(b) , we show here experimentally that the Fe orbital moment is exactly proportional to K Fe 1 over the whole temperature range, except for the peak below T SRT . Bolzoni et al. [29] [12] , is experimentally confirmed to be a good first order approximation.
Turning to the interpretation of the peak in m L at SRT, if the anomalous behavior of m L were due to the change in the magnetic symmetry at the SRT (from uniaxial at high temperature to canted at low temperature), one would expect a step rather than a peak as has indeed been observed in the Nd moment [25] and in the unit cell volume [15] . One notices from comparison with Fig. 3(a) that the peak corresponds with the temperature range in which the order parameter u͑T ͒ is turning. To make the relationship more precise, we fitted a spline curve to the order parameter and plot the derivative of this fit in Fig. 3(b) (with reversed sign). Obviously the peak in the orbital moment is nearly proportional to the rate of change of the order parameter du͑T ͒͞dT . Hence, the orbital instability is intrinsically associated to the critical dynamics of the phase transition.
The question is whether the peak in the orbital moment can be related with similar behavior of K Fe 1 and/or a tetragonal distortion even at the anomalous peak. For the former there are no data for the reasons explained above. For the latter, high field magnetostriction data exist [16] that show a clear divergence in the tetragonal distortion, just below the SRT and centered at 110 6 10 K. Its origin remained unclear in the original work but with the proportionality of m L and the tetragonal distortion in mind, now also it can be interpreted as critical behavior.
Similar anomalies in the critical temperature region have been reported in the literature.
57 Fe Mössbauer data [25] show a pronounced anomaly in the isomer shifts of all six Fe sites, superimposed on a step between the high and low temperature phases. Such shifts reflect changes in the electronic density at the nucleus but are difficult to interpret [30] . However, the hyperfine field likewise shows a 1% anomaly at the same temperatures. It has an orbital contribution from the 3d electrons that is proportional to the orbital moment, which for bcc Fe is about 1% [31] . A doubling of the orbital moment as observed here explains the anomaly in H hyp . Second, Hall resistivity data have been published very recently [32] that likewise show a peak similar to that observed here. It has been interpreted as a critical behavior of the skew scattering mechanism, that is a result of the spin-orbit interaction l ? s [33] . In this picture, a doubling of the orbital moment naturally explains the Hall effect behavior.
In conclusion, we have experimentally demonstrated the existence of a mutual dependence between the ironsublattice anisotropy constant, the iron orbital magnetic moment, and the tetragonal lattice distortion as a function of temperature in the whole temperature range. This relationship is fulfilled even at the spin reorientation phase transition, where we have observed a large and sharp instability in the iron orbital moment, intrinsically associated with the dynamics of the order parameter. To our knowledge, this is the first evidence for an orbital instability at a magnetic phase transition. The critical behavior in the orbital moment can be considered as the missing link between the Nd-spin reorientation that drives the transition and the resulting magnetostriction anomaly on the one hand and the critical behavior of the Mössbauer hyperfine data and Hall effect data on the other.
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